PERSPECTIVE
Introduction
Over the past decades a surge of studies about nanotechnology has appeared 1 . Some of the most studied materials for nanotechnology applications are magnetic nanoparticles. More specifically, the range of applications in which magnetic nanoparticles are used is becoming more diverse over the years, including topics so different as water pollution treatments 2 or parasite diagnostics techniques 3 . Medical applications, from diagnosis to treatment, of magnetic nanoparticles are also being widely studied. In particular, magnetic nanoparticles are being used as contrast agents for magnetic resonance imaging, magnetic carriers for drug delivery or heating sources for hyperthermia in cancer treatment 4, 5 . The research community is making a big effort to improve the particles properties, such as the particle size, shape, charge, magnetic behaviour or heating characteristics, depending on the application 6 . Nonetheless, after finding the appropriated materials there are still a few challenges to be solved before the research work is transformed into commercially viable medical products 7 . Once in vitro studies have been performed in cell cultures to assure the efficacy and non-toxicity of the particles 8 ,
animal models are used to study the pharmacokinetics of the particles. In such cases, it is crucial to be able to determine first the magnetic nanoparticles biodistribution following systemic administration. Then, it is also necessary to evaluate the transformations and fate of the particles to ensure safety. An example of the great importance of the study of the risks associated to nanoparticles 9 are the programs initiated by the Unites States, Europe or Japan on the safety evaluation of nanomaterials 10 . Detecting and quantifying magnetic nanoparticles in a biological matrix, is not a simple task. Several techniques are being used to quantify the amount of magnetic nanoparticles within tissues; however, none of them is established as a golden standard for the particle analysis within a tissue yet, as all of them present some drawbacks. The available characterization techniques fail to provide quantitative data, ultrastructural location of the particles or information of the physicochemical transformations of the particles at the same time. Therefore combinations of several techniques are regularly used to analyse the fate and transformation of the particles within cells or tissues 11 .
Non-invasive quantitative approaches to analyse magnetic nanoparticles within tissues include measurement of tissue R 2 changes by magnetic resonance imaging (MRI) 12, 13 and radionuclide labelling of the nanoparticles with further detection by positron emission tomography (PET) or singlephoton emission computed tomography (SPECT) 14 . Radiation safety issues are one of the major drawbacks for PET and SPECT measurements. Furthermore, as the addition of the radioisotope may affect the physicochemical properties of the nanoparticles, it remains unproven that the non-labelled nanoparticles have the same biodistribution as the labelled ones. To get a deep understanding of the problem, ex vivo studies of tissue samples are currently performed by using a wide range of characterisation techniques, many of them of common use in Materials Physics and Chemistry. Transmission electron microscopy (TEM) provides useful ultrastructural information on the location and aggregation degree of the particles in the tissue, and informs about possible degradation processes [15] [16] [17] . However, hindered by the low dosage of particles rationally used in biomedicine, their detection by electron microscopy may sometimes be equivalent to looking for a needle in a haystack. Elemental analyses, through either optical or mass spectroscopies, are very sensitive ways to detect certain metals that may belong to the composition of the magnetic nanoparticles. Nevertheless, as to limit toxicity most of the magnetic nanoparticles for biomedical applications are ironbased, the quantification of this metal, chosen to be a surrogate for the presence of nanoparticles, is interfered by the endogenous iron. Other techniques used for the analysis of magnetic nanoparticles either in cells or tissues are Electron Spin Resonance (ESR) 12 , Ferromagnetic Resonance 18 and ultrasounds 19 . The magnetic properties of nanoparticles have also been involved in other quantification approaches. More specifically, the resonant behaviour of the particles magnetic moment 20 and the time 21 and field 22 dependence of the sample magnetic moment have been taken into account. In some cases it is not necessary to bring the sample to low temperatures, allowing for virtual non-invasive quantification. The drawback in some cases is that the success of the method relies on using nanoparticles of uniform magnetic properties as different individual magnetic behaviours may be confused with a different particle concentration. In this context, the use of alternating current (AC) magnetic susceptibility measurements although only applicable to samples brought to low temperatures allows both to discern among different nanoparticle sizes with a virtual quantification of each of them 23 . Moreover, this technique also allows the evaluation of the nanoparticle transformations over time 24 and the distinction of tissue endogenous iron from magnetic nanoparticles 23 . In this work, we will describe the quantification protocol to determine the amount of magnetic nanoparticles in tissues based on AC magnetic susceptibility measurements 23, 25 . Last advances in synthesis approaches to produce magnetic nanocrystals with uniform shapes and sizes for biomedical applications are also summarized.
Magnetic AC susceptibility
The experimental technique Determination of the AC susceptibility is based on measuring the time dependent magnetic moment that results after applying an alternating magnetic field to the sample. From this experiment, and knowing the sample mass, the so-called inphase (χ') and out-of-phase (χ'') components of the AC mass susceptibility are determined. In practice it is possible to apply an AC magnetic field h AC = h 0 cos(ωt) , with control on the amplitude h 0 and the frequency ω. To this end h 0 is chosen from a compromise between having enough sensitivity and avoiding nonlinear effects, while ω is taken in the range where the equipment has the best sensitivity (for SQUID detectors values of the order of 10 Hz are usually a good choice). The measured magnetic moment results to be m AC = m 0 cos(ωt-), that is, a quantity that varies in time with the same frequency ω but is delayed with a phase shift with respect to the exciting field. Technically, to describe this time-dependent behaviour, a complex notation is used, where the magnetic mass susceptibility, χ = χ'-iχ'', is defined in such a way that M = ρ χ H, being M the magnetic moment per unit volume, ρ the sample density and H the applied magnetic field. Corresponding units in the SI system are A/m, kg/m 3 , m 3 /kg and A/m for M, ρ, χ and H respectively. The measurement of the AC susceptibility was early employed in the characterisation of fine magnetic particles 26 , years before the good control of the synthesis procedures improved their systemic administration in a safe manner. The AC susceptibility of fine particle systems, as a function of amplitude, frequency and temperature, that results from the magnetic moment and magnetic anisotropy of the particles has extensively been studied so far both experimentally and theoretically [27] [28] [29] [30] . Fig. 1 . Temperature dependence of the in-phase susceptibility, χ'(T), (first column), temperature dependence of the out-of-phase susceptibility, χ''(T), (second column) and field dependence of the magnetisation, M(H), (third column) of the typical magnetic species in biological tissues. First raw: diamagnetic species as, e.g., water and many organic molecules. Second raw: metal-containing paramagnetic molecules as, e.g., deoxyhaemoglobin. Third raw: very small mineral magnetic particles, thus superparamagnetic above relatively low temperature, as, e.g., the iron-containing ferritin cores. Fourth raw: larger mineral magnetic particles that become magnetically blocked at relatively high temperature as, e.g., some particulate magnetic carriers. The third column M(H) data are supposed to be measured at the temperatures indicated by arrows in the second column; for a given temperature, the nonzero out-ofphase susceptibility and the M(H) hysteresis both reveal the difficulties of the particles magnetic moment to follow the AC magnetic field variations.
Magnetic properties of biological tissues
The determination of the concentration of administered magnetic particles in tissues by measuring the magnetic AC susceptibility, in the form that is described here, corresponds to analysing tissue samples obtained from biopsy or, in animal model research, from dissection. This approach differs from other non-invasive techniques 31, 32 in that the analysis is restricted to small samples, typically in the range of 10-100 mg dry weight. The use of small samples, though, makes it possible to get a more accurate understanding of what is actually occurring in the tissue, obtaining information of phenomena like nanoparticle metabolism and aggregation. Eventually, nanoparticle biodistribution studies made through magnetismbased tomographic techniques 33 will undoubtedly be benefited from the deep understanding of the magnetic properties of these nanoparticles in the tissues. Samples analysed so far typically meet the requirements of widely disposed magnetic detection equipment that uses SQUID sensors †. Namely, it is possible to characterise both fresh and dried tissues, although much precautions are needed in the former case (maintenance of frozen state) with no significant advantages in the results.
Small organs, such as the spleen or the kidneys, from mouse models may be measured as a whole. However, when dealing with bigger organs (e.g. liver) or bigger animals (e.g. rats, rabbits, etc), it has to be taken into account that a heterogeneous distribution of the particles may exist within each organ 34 . In such cases tissues should either be homogeneized to get an average result of the amount of particles in the tissue, or several tissue portions have to be characterised to evaluate the distribution within the organ. As far as we shall consider magnetic nanoparticles in a biological tissue it is preceptive to know not only their specific magnetic behaviour but also the magnetic properties of the tissue itself. Biological tissues contain a wide variety of organic compounds together with a variable content of water. All these species as a whole exhibit a negative and temperature independent in-phase magnetic susceptibility (Fig. 1a) , a zero out-of-phase component (Fig. 1b) , and a negative-slope straight line M(H) (Fig. 1c ) due to the magnetic phenomenon called diamagnetism. In practice, this rather simple magnetic behaviour is easy to subtract from other contributions. In addition to this, some organic molecules do contain transition metal ions as in the case of haemoproteins. It is known in particular that haemoglobin behaves in a diamagnetic way in the oxy-state while it shows paramagnetism in the deoxystate 35 . Paramagnetism is known to exhibit an in-phase magnetic susceptibility of the type χ'=C/T (Fig. 1d) , where C is a constant and T the absolute temperature, together with a zero out-of-phase component (χ''=0) (Fig. 1e) , and a Brillouin law M(H) behaviour with no hysteresis (Fig. 1f ) 36 .
Eventual iron mineralisation in biological tissues takes place in the form of nanometric particles of inorganic iron compounds, mostly iron (oxyhydr-)oxides. Due to their small size, those particles contain just a single magnetic domain and are usually superparamagnetic at room temperature. To this class belong the cores of the iron storage protein ferritin 37 , nanoparticles in iron supplement drugs for intravenous administration 38 41 . Due to their magnetic anisotropy and as temperature decreases, the net magnetic moment of these nanoparticles is not able to follow the inversions imposed by the alternating (AC) exciting magnetic field, giving rise to a magnetic moment m AC that evolves in a delayed form with respect to h AC , and therefore to a nonzero out-of-phase component of the susceptibility (χ''≠0) (Fig. 1h, 1k ). This phenomenon is progressive as temperature decreases but since it takes place for each nanoparticle in a narrow temperature range it is termed magnetic blocking, being the so called blocking temperature something that one could define for each nanoparticle 42 . In practice, and in biological tissues in particular, the size and nature of the nanoparticles is a distributed parameter. As the magnetic anisotropy, and therefore the blocking temperature, depends on these factors, a nonzero χ'' is spread in temperature according to the width of such distribution. These phenomena do also have their consequences on the field dependence of the magnetisation. Namely, M(H) for non-blocked particles follows a qualitatively similar analog to the Brillouin law (here called Langevin law) (Fig. 1i) . On the contrary, when the particles are blocked, M(H) exhibits a hysteretic behaviour (Fig. 1l) . It should not be forgotten that, as in this context the particles are single domain, hysteresis is predominantly field sweep speed dependent; this phenomenon should not be confused with magnetic domain motion occurring in the case of larger and massive (multidomain) specimens.
Particulate magnetic species: relevance of the out-of-phase susceptibility
In a real biological sample, as all the above mentioned magnetic species may be present, its magnetic behaviour will result from the sum of the above described contributions. Nevertheless, it occurs that the only species that significantly contribute to χ'' in some temperature range are the magnetic particles (see Figs. 1h, 1k) , therefore, the consideration of the χ''(T) profile becomes especially useful to study iron biomineralisation in tissues. More specifically, χ''(T) is a manifestation of the distribution of the relaxation times needed by the particles magnetic moments to be oriented in space following the time variations of h AC . Quantitatively, the expression that describes the out-of-phase mass susceptibility, for experimental frequencies lower than those of ferromagnetic resonance, and for E a /(kT)>>1, is 27, 42 ߯′′ሺܶሻ ൌ
where τ = τ 0 exp(E a /kT) is the particle relaxation time, τ 0 a preexponential factor, typically of the order of 10 -12 s for noninteracting magnetic particles, E a the single particle anisotropy energy (E a = K eff V), where K eff is the effective anisotropy constant that mostly depends on the chemical composition of the particles and V the particle volume, ω is the angular frequency of the AC field, n(D)dD is the number of particles per mass of sample with diameters in the (D,D+dD) interval and m(D) the magnetic moment of particles of diameter D. This mathematical expression is the responsible for the curves shown in Figs. 1h and 1k . The χ''(T) profile, as a hallmark of the particulate magnetic species, can be used to detect the different types of magnetic particles present in the biological tissue (Fig. 2) . Hence, as a strightforward application, variations of the χ''(T) profile from sample to sample can be used to investigate metabolic processes associated to changes in the magnetic particle assembly 23 . Eventually, the analysis of χ''(T) consists in fact of a sort of magnetic spectroscopy in the temperature domain (differently from usual frequency domain analyses), whose data can be interpreted like a spectrum to quantify the different ironcontaining mineralised species present in the biological sample. A numerical protocol to carry out this task is described in the next section.
The quantification protocol

Magnetic properties of pure species: Standards
Both the shape and the location in temperature of the χ''(T) profile are characteristic of every mineralised Fe-containing species. It does occur, e.g., for ferritin iron, synthetic nanoparticles for drug delivery, or contrast agents for MRI (Fig.  2a) . These χ''(T) profiles, previously obtained for the individual species, will be used as standards in the analysis of tissue samples. In the preparation of the standards, however, it should be taken into account that, depending on the magnetic nature of the mineral particles and on their concentration, eventual dipolar interparticle interactions may alter their magnetic behaviour 29 . This issue is analysed below under the headings non-interacting regime and interacting regime. ), B) ferritin iron in a mouse liver with genetically induced iron overload 44 , C) magnetite nanoparticle carriers for drug delivery in a mouse liver 24 , D) magnetic nanoparticles from a superparamagnetic MRI contrast agent coexisting with ferritin iron in a rat liver 23 . In figure A the solid line is just a guide for the eye; in figures B, C and D, the solid lines represent the optimum fitting curve used in the particle quantification (see text).
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This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5 NON-INTERACTING REGIME. The iron-containing cores of ferritins constitute a good example of very small ironcontaining particles offering negligible interparticle dipolar interactions in biological tissues. In physiological conditions, ferritin is the main iron-containing mineral in the organism with reversible iron storage function 45 . This protein is formed by phosphorous rich ferrihydrite mineral particles of around 5-8 nm at the core of the protein shell. Due to the existence of this shell separating the cores, and to the predominantly antiferromagnetic nature of the iron-containing mineral, the interparticle dipolar interaction is very weak. With slight variations, depending on tissue and physiological conditions, the out-of-phase susceptibility maximum for ferritin is usually located, for a measuring frequency of 10 Hz, at about 10 K, a temperature substantially lower than for other nanoparticles in use (see Figs. 2a and 2d) , and thus not interfering with the quantification of other species. Within the non-interacting regime, also met by ferrimagnetic nanoparticles at very low concentrations, the magnetic quantity whose only contribution derives from the particles magnetism, χ''(T), results linearly proportional to the particles concentration (Fig. 2b) . Fig. 3 . Temperature dependence of the out-of-phase susceptibility of different agar-based nanoparticle dilutions. Although the out-of-phase susceptibility maximum per mass of particles is progressively depressed for increasing particle concentration (see text) the data are here shown normalised to their maximum. The numbers indicate the nominal nanoparticle concentration in milligrams of iron per gram of dry sample. For the lowest nanoparticle content the magnetic signal is the weakest, leading to the most intense scattering of the points due to experimental noise. Also for the three lower particle contents the data are rather coincident since the particles behave in the noninteracting (/dilute) regime.
INTERACTING REGIME. Magnetic suspensions for biomedical applications commonly contain ferrimagnetic (i.e., with a relatively high magnetic moment) iron oxide nanoparticles with a given size distribution that is intended to be as monodisperse as possible. In this case, should particle aggregation occur, or above a certain concentration (interacting regime), the particles magnetic moment dynamics is altered by interparticle dipoledipole interactions. More specifically, for a given particle size or particle size distribution, the increase of the degree of dipolar interaction, either due to particle aggregation or to a higher particle concentration, has two effects on the out-of-phase susceptibility per mass of particles: i) the χ''(T) maximum shifts to higher temperatures (Fig. 3) and ii) its height decreases 23 .
From this it appears obvious that the quantification process becomes invalidated if a standard that does not reasonably represent the interaction degree of the unknown sample is chosen. However, if a given degree of particle aggregation takes place throughout the tissue, the height of the χ''(T) profile is expected to be virtually proportional to the concentration of the aggregates in the tissue 23 ( Figs. 2c and 2d) . Therefore, it will be feasible to quantify aggregated particles by using standards with degrees of dipolar interactions comparable to those detected in the tissue under consideration.
Management of the standards
To model the interparticle interaction phenomenon, the particulate species under consideration can be dispersed in agar, a medium usually taken to simulate the tissue, using an ultrasonic bath to get a homogeneous distribution of the particles in the agar, at different particle concentrations. Then, to carry out the magnetic measurements, it results practical to freeze dry the gel making it possible to characterise a solid powder; this drying process does not alter significantly the magnetic behaviour. After measuring the AC susceptibility of the so prepared standards, it is very practical to fit an analytical function χ i ''(T), to the χ''(T) data points of every standard (the subscript i represents the standard). This function, obtained to avoid the experimental noise of the standard raw data and being continuous to facilitate the subsequent calculation, can be in principle of any type, e.g. polynomial, but linear combinations of other smooth forms as gaussian or lognormal functions can also be used as far as they reasonably fit to the experimental points. In this aspect, we should remind that the χ''(T) profile, although assumed characteristic of a given nanoparticle assembly, depends in a rather complex way on many properties of the particles, therefore its functional form χ i ''(T) has to be based on phenomenological criteria. If the tissue contains particles at low concentration, its χ''(T) profile will be nearly identical to that of the low particle concentrations standards (dilute regime). If the χ''(T) profile for the tissue appears at higher temperatures we may interpret that i) there is a magnetic influence of interparticle interactions from higher particle concentrations or from particle aggregation, or ii) the tissue contains larger (or chemically different) particles.
To distinguish between these two possibilities, it becomes practical to see whether or not the preexponential factor τ 0 (see its definition above), estimated for example by a method that just needs χ'(T) and χ''(T) data at only one frequency 23 , is of the order of the expected value for the noninteracting regime. On the contrary, a χ''(T) profile appearing at temperatures lower than those for the dilute particle standard may not suggest a different particle arrangement in the tissue but actually a reduction of particle sizes most likely giving rise to iron release to the organism. In general, pharmacokinetic processes as particle clustering could be inferred by analyzing the dipoledipole interaction strength 23, 46, 47 .
Obtention of the particulate content in the tissue
With the above mentioned fitting functions χ i ''(T) in hand, it is possible to choose the function (i.e. the standard) that optimally represents the location in temperature of the χ''(T) data of the tissue. If the nanoparticles in the tissue are quite apart from each other (dilute regime) the low concentration standards will be a good representation; on the other hand, little particle aggregations or local higher concentrations will be manifested by a shift to higher temperatures of the χ''(T) profile and then other higher concentration standards will be a better choice. Once decided which is the χ i ''(T) profile of the standard that optimally represents the location in the temperature axis of the χ''(T) profile, the scaling factor a that fits the experimental χ''(T) data can be obtained from χ''(T) ≈ aχ i ''(T). This can be done through a least squares fitting algorithm, e.g. of a Levenberg-Marquardt type which is a built-in procedure in the most common data analysis computer applications. On doing so, the particle content in the tissue sample is obtained as a times the particle content in the standard. Also should we expect contributions to χ''(T) coming from the presence of nanoparticles of neatly different nature, as in the case shown in Fig 2d, the same procedure can be followed in the form χ''(T) ≈ Σ a i χ i ''(T), yielding the corresponding a i values associated to the contents of each particulate species in the sample. We should indicate that the number of particles is not a good measure of the particle content since the contribution of one particle to χ''(T) is size-dependent. Instead, as the comparison between χ''(T) data of the tissue sample and the chosen standard is done by assuming identical size distributions, it results practical to express the particle content as particulate iron content. It should not be forgotten, in any case, that the number that actually matters (particle volume, particle surface, etc.) in particle quantification depends on the context of application.
Application examples of the quantification protocol
In this section we will outline previous results of nanoparticle quantification based on AC magnetic susceptibility data of tissue samples. The biodistribution of superparamagnetic MRI contrast agents was studied by this method in a rat model. In this work the simultaneous detection and quantification of ferritin and the contrast agent in liver and spleen tissues was accomplished 23 .
Furthermore, a different particle aggregation degree was found in the liver and the spleen tissues, indicating that at short times after the particle administration it is possible to distinguish an effect of the particle aggregation due to the tissue ultrastructure. In the frame of magnetic nanoparticles for drug delivery, we have analyzed the fate of dimercaptosuccinic acid-coated magnetic nanoparticles (DMSA-MNP) in mouse models. Ironbased magnetic nanoparticles usually accumulate in the liver and the spleen. By analyzing the out-of-phase susceptibility of several organs, including the heart, brain or kidneys, we found that in addition to the particle accumulation in liver and spleen tissues, there was a preferential accumulation of particles in the lung 48 . This effect may be a consequence of the DMSA coating 49 . These results have opened the possible use of the DMSA-MNP as carriers for preferential lung targeting. The main interest on DMSA-MNP for biomedical applications was to evaluate their role as carriers of interferon-γ  IFN-γ   a citokyne used for cancer immunotherapy 50 . We found that there was a change on the biodistribution pattern when IFN-γ was adsorbed to DMSA-MNP. In particular, a decrease of the accumulation of the particles in the lungs was observed 51 . This effect is probably due to changes on the particles surface charge and size induced by the cytokine. Results from AC magnetic susceptibility measurements have also had a key role on the analysis of the effect of using an external magnet to target the particles to tumors. We were able to prove that the use of an external magnet resulted in an increase of the particles accumulation in the tumor tissues 25, 48 .
In addition to the particles coating or the use of external magnets, other factors that may alter the nanoparticles biodistribution such as the anesthetic used during the particle administration have been evaluated. Interestingly, we found that there is a clear effect on the number of particles that reaches the lungs when using two types of anesthetics 52 . In particular, the accumulation in the lungs was lower when using inhaled isoflurane than when using an intraperitoneally injected ketamine/xylazine anesthetic mixture. In contrast, we found that the number of particles in liver tissue was not affected by the anesthesia used. AC magnetic susceptibility measurements have allowed us to study the particles transformations in tissues over periods up to three months after administration 24 . Two processes were observed in this study. First, a time decrease of the number of particles in each organ was found. In particular, the amount of particles found in the liver, spleen or lungs three months postadministration was significantly lower than the first week after nanoparticle injection. Second, transformation of the particles also occurred. A reduction in particle size, probably also accompanied by a disaggregation process reducing the dipolar interactions, was observed in these tissues. It is important to mention that it was still possible to observe particles in the liver, spleen and lungs of animals 90 days post-administration, indicating that experiments with longer monitoring times are required to see the complete metabolization of the particles. In this study, as the particles are transformed with time, it was only possible to do a qualitative analysis rather than a quantitative one, due to the lack of standards for the degraded particles within the tissue. This challenge, among some others, will be described in the following section. 
Challenges of the quantification of magnetic nanoparticles by AC magnetic susceptibility measurements
Detection limits
For biomedical applications, the dosage of magnetic nanoparticles used is generally very low. This fact, together with a specific pattern of accumulation within the different organs may lead to undetectable nanoparticle contributions to the out-of-phase susceptibility. This has happened when characterizing brain, heart or kidney tissues of animals after the injection of DMSA-MNP 25 . However, intrinsic noise levels in the data can be used to estimate the detection limits of the technique. In the case of DMSA-MNP, they are of the order of 3 µg Fe/g dry weight. Therefore, beyond a too simplistic analysis in terms of whether or not the particles have reached the tissue, a magnetic signal below the noise level indicates that the particulate iron content may be equal at most to the detection limit value.
Particles degradation
In long term studies the particles start to degrade in the tissues 15, 16, 20 , leading to changes on the magnetic properties of the particles. This processes result in a non-straightforward analysis of the AC magnetic susceptibility data for quantitative purposes. The shift of the χ"(T) maximum towards lower temperatures over time indicates nanoparticle disaggregation, reduction of nanoparticle size, or both (Fig. 4) . Nanoparticle quantification in tissues taken after the beginning of the degradation process would require a "library" of standards containing particles with different aggregation degree and size. Moreover, the use of a local technique as, for example, TEM will help on the selection of the most appropriated standard optimally matching the properties of the particles in the tissue.
Synthesis of larger particles and particle size control
As it has been mentioned before, because of its low toxicity and the existence of natural routes for its biodegradation, iron-based nanoparticles are preferred for biomedical applications 53 . In addition, for drug delivery, the optimal particle size ranges are between 10 to 100 nm, that result in the longest blood circulation times 4 . Interestingly iron-based particles of these sizes present an out-of-phase magnetic susceptibility maximum that usually falls within the technically measurable temperature frame of the AC susceptometers, making this technique suitable for the particle characterization in biological samples. For the study of the accumulation of larger (micrometer size) particles in tissues, e.g. lung deposition of particles from aerosols 54 , the complete profile of the particles out-of-phase susceptibility may be partially or totally out of the available temperature window of the AC susceptibility measurements imposing a serious problem for quantification purposes. Narrow particle size distributions will facilitate the quantification protocol. The best approach for a better control of the particles properties is known as 'bottom-up' synthesis 55 . This process generates larger nanostructures from single atoms, allowing a more homogeneous and narrower size and shape distribution. The most widely used methods to obtain magnetic nanoparticles are based on the precipitation of salts in aqueous medium to produce iron oxide nanoparticles. One option is to oxidize a ferrous hydroxide suspension by H 2 O 2 or KNO 3 obtaining particles larger than 20 nm in size 56 . Another option is the coprecipitation of stoichiometric mixtures of ferrous and ferric salts in basic medium. By this synthesis routes, large amounts of particles from 2 to 12 nm can be prepared 57 .
A different synthesis route, based on the thermal decomposition of metallic compounds in organic solvents and containing stabilizing surfactants, is able to produce magnetic nanoparticles with good crystallinity and highly monodisperse but usually hydrophobic 58 . The major drawback from this route is that, in biomedical applications, there is a necessary step after the synthesis to stabilize the particles in aqueous medium by modification or substitution of the surfactant coating. Finally, biomimetics offers the possibility of using lowtemperature pathways for the production of a variety of structure-specific magnetic nanocrystals with sizes and shapes not readily obtained via conventional inorganic chemical techniques. The self-assembly and directed assembly of synthetic polymers, viruses, peptides, DNA molecules, proteins and various polymer-based hybrid materials acting as matrices, scaffolds and templating agents, permit molecular-level control over the produced material 59 . The resulting magnetosomes consist of two parts: an organic layer and an inorganic magnetic nanocrystal, usually 35-120 nm in size, structurally perfect and single domain with narrow size distribution.
Either the precipitation of salts in aqueous medium, the thermal decomposition of metallic compounds or the magnetosomes match the requirements for biomedical applications. Nevertheless, there is still room for improvements in terms of narrower size distributions, improved crystallinity and homogeneity in chemical composition, all of these aspects strongly related to the particles magnetic properties. It will also be desirable to develop cleaner synthetic routes able to preserve the colloidal and magnetic properties of the particles.
Conclusions
AC magnetic susceptibility measurements of biological samples are an alternative tool for the quantitative determination of magnetic nanoparticles. One of the hallmarks of this technique is that it allows detecting changes of particle sizes, being especially useful to get new insights on particle biotransformations over time. Furthermore, this technique allows the distinction of tissue endogenous iron-containing species from magnetic nanoparticles. To improve the performance of the magnetic nanoparticles in biomedicine homogeneous magnetic nanoparticles should be used.
Methods for the quantitative determination of magnetic nanoparticles in biological matrices, in the frame of biomedical applications, are required to evaluate the particles biodistribution after systemic administration. AC magnetic susceptibility measurements are an alternative method to quantify magnetic nanoparticles in tissues, being able to provide also information on the particle transformations over time and allowing the distinction of the particles from other endogenous species such as the ferritin iron cores. The protocol for particle quantification using AC magnetic susceptibility measurements is described in detail in this article. A summary of magnetic nanoparticles synthesis routes is also provided.
